New atomistic model of pyrrole with improved liquid state properties and structure by Macchiagodena, Marina et al.
F U L L P A P E R
New atomistic model of pyrrole with improved liquid state
properties and structure
Marina Macchiagodena1 | Giordano Mancini1,2 | Marco Pagliai3 |
Gianni Cardini3 | Vincenzo Barone1,2
1Scuola Normale Superiore, Piazza dei Cavalieri 7, I-56126 Pisa, Italy
2Istituto Nazionale di Fisica Nucleare (INFN) sezione di Pisa, Largo Bruno Pontecorvo 3, I-56127 Pisa, Italy
3Dipartimento di Chimica “Ugo Schiff”, Universita degli Studi di Firenze, Via della Lastruccia 3, I-50019 Sesto Fiorentino, Italy
Correspondence
Vincenzo Barone, Scuola Normale
Superiore, Piazza dei Cavalieri 7, I-56126
Pisa, Italy.
Email: vincenzo.barone@sns.it
Funding information
European Research Council under the
European Union’s Seventh Framework
Programme, Grant/Award Number: FP/
2007-2013/ERC Grant Agreement Number:
320951; Scuola Normale Superiore grant
“Giovani Ricercatori 2015”
Abstract
Structural characterization of liquid pyrrole has been obtained by performing classical molecular
dynamics simulations with a new parameterization of electrostatic interactions. Despite the rela-
tively simple molecular structure of pyrrole, a correct and accurate representation of its
intermolecular interactions in bulk phase is a challenging task, since these are affected at short
range by the quadrupole–quadrupole term. This new parameterization permits not only to cor-
rectly describe the liquid structure but also to obtain macroscopic properties in excellent
agreement with experiments.
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1 | INTRODUCTION
Pyrrole (C4H5N) is one of the simplest and most representative heteroaromatic molecules. Its five-membered ring is the building block of several
molecules of biological and pharmacological relevance, such as amino acids, indole alkaloids,[1] and porphyrins.[2] Some molecules containing the pyr-
role moiety find application also as therapeutic compounds like fungicides, antibiotics, anti-inflammatory drugs,[3] cholesterol reducing drugs,[4] and
antitumor agents.[5] Pyrrole has been used in technological applications like, for example, polymers with remarkable electric conductivity[6] and in
dye-sensitized solar cells.[7,8]
The structure of pyrrole (see Figure 1) features an NAH group and a p system, which permit effective self-aggregation into clusters through the
formation of a weak NAH  p hydrogen bonds. This behavior has been confirmed by experimental and theoretical studies which have shown the
tendency to form T-shaped aggregates,[9–13] which are typical structures found in the so called “quadrupolar crystals”. In particular, it has been
observed in microwave spectroscopy experiments[14] that the angle formed by two monomers approaches to 55 with a distance between the
centers of mass of 4:1 Å.
The nature of the NAH   p hydrogen bond and the relevance of high multipole contributions to the liquid structure are not yet completely
understood, especially in the liquid state. In fact, although several studies about small clusters are available, only few experimental and theoretical
studies have been performed on liquid pyrrole.[13,15–17] Hence, in this work, we present a computational study on liquid pyrrole with the purpose of
accurately determining its structural features and bulk properties.
The structure of liquid pyrrole and its evolution over time has been described by classical molecular dynamics (MD), which allows to estimate
macroscopic properties from microscopic models. To obtain results comparable with experiments, it is mandatory to employ an accurate force field
(FF), which describes the interactions at atomic and molecular level using a set of functional forms based on a limited number of parameters. Some
properties are very sensitive to the electrostatic part of the force field, which in the most widely used FFs is described using partial atomic charges.
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General purpose FFs, trained to describe a large number of molecules in a given domain (e.g., OPLS[18,19] for organic molecules) often fail to be very
accurate in the reproduction of some macroscopic observables; this may be due to limits in the model but it is also unavoidable because of the need
of transferability. For instance, estimations of the static dielectric constant with the common available FFs yields an average error of about 10%.[20]
Several strategies have been employed to determine effective values for these quantities; one of the most adopted approaches relies in optimizing
their values to reproduce the quantum mechanical (QM)-derived electrostatic potential of a molecule.[21] In the present study, the electrostatic
parameters have been obtained through Charge Model 5[22] (CM5), performing the calculations at the B3LYP/6–311G(d) level of theory and taking
into account bulk solvent effects by means of the conductor-like polarizable continuum model[23] (C-PCM). The atomic charges have been further
adjusted applying a fitting procedure to reproduce dipole and quadrupole moments determined by DFT calculations. For small rigid molecules, it is
important to take into account the correct multipolar distribution to reproduce the nearest neighbor orientation. Furthermore, the T-shaped pair,
characterizing the pyrrole structure, has been found one of the lowest energy configurations from the electrostatic interactions of quadrupole
moments of the same sign.[24] A variety of approaches have been attempted to describe the quadrupole moment in aromatic groups, including cen-
tral multipoles,[25] distributed multipoles, and off-center charges.[26,27] Here, we want to highlight the possibility to describe correctly the pyrrole
bulk properties and structure using simple point charges. In this respect, we have applied a fitting procedure to reproduce the dipole and quadrupole
moment obtained from QM calculations.
2 | METHODOLOGY
2.1 | Force field parameterization
The pyrrole molecular structure has been optimized performing DFT calculations at the B3LYP/6–311G(d) level of theory with Gaussian 09 suite
of programs,[28] describing the solvent effects with the polarizable continuum model within the C-PCM formalism.[23] Since the parameters to
describe pyrrole as a solvent were not included in the adopted version of Gaussian package, tetrahydrofurane has been used as reference solvent
due to the very similar dielectric constant. Using the same protocol adopted in the parameterization of the electrostatic part of formamide mole-
cules, its N-methyl derivatives[29] and pyridine (nicotine),[30,31] a CM5 population analysis[22] has been carried out to obtain the initial atomic charges,
as reported in Table 1. To improve the description of the molecular multipoles, the atomic charges have been adjusted through a fitting procedure,
using as reference the dipole and traceless quadrupole moments obtained at the end of the optimization procedure, as reported in Table 1.
The intramolecular and intermolecular potential have been described by employing the OPLS/AA[18,19] force field.
2.2 | Molecular dynamics simulations
Classical molecular dynamics simulations of pure pyrrole liquid solution were carried out using GROMACS v. 4.6.5 software.[32] The simulation was
performed on a system containing 500 molecules and employed a cubic box with periodic boundary conditions. Initially a steepest descent energy
minimization was applied. Then, the system was heated up to 298.15 K for 200 ps (using the velocity-rescale thermostat[33] with a coupling con-
stant, s, of 0.1 ps). Starting from the last configuration obtained from the NVT equilibration, a simulation in the NPT ensemble (using the Parrinello–
Rahman barostat[34] with s50.1 ps) was performed and the system was let to converge to uniform density. An additional simulation was run in the
NVT ensemble using the average box dimensions obtained from the NPT simulation and increasing the integration time step from 0.2 to 2.0 fs, fix-
ing the fastest degrees of freedom with the LINCS[35] algorithm. Finally, a sampling simulation was carried out for 50 ns with an integration time
step dt52.0 fs, without to run multiple replicas of the trajectory since local structure of a pyrrole first shell loses completely its memory in about 5
FIGURE 1 Pyrrole structure and atom labeling
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ps, as proved by the calculation of dimers lifetime. Electrostatic interactions were evaluated using the particle-mesh Ewald (PME)[36] method with a
grid spacing of 1.2 Å, a real-space cutoff of 1.2 nm and a spline interpolation of order 4. Van der Waals interactions were computed applying a cut-
off of 1.2 nm. Long range dispersion corrections have been using for energy and pressure. Furthermore, since the dipole moment fluctuations are
sensitive to the boundary conditions applied we have fixed the external dielectric constant to the experimental value.
2.3 | Ab initio molecular dynamics simulations
Ab initio molecular dynamics simulations[37] with the Car–Parrinello[38] method have been performed with the CPMD program[39] on a system made
up by 27 pyrrole molecules within a cubic box of 14.60 Å with periodic boundary conditions. The dimensions of the simulation box have been cho-
sen in agreement with the experimental density at ambient conditions.[40] The potential energy has been modeled with BLYP exchange[41] and cor-
relation[42] functionals. Norm-conserving Martins–Troullier[43] pseudopotential along with the Kleinman–Bylander[44] decomposition have been
adopted to describe the core region of each atom. A plane wave expansion truncated at 60 Ry has been used for the valence electrons. The equa-
tions of motion have been integrated for about 38.4 ps in the NVE ensemble using a time step of 4 au ( 0.096 fs) and a fictitious electron mass of
400 au. Van der Waals interactions have been taken into account with the approach proposed by Grimme.[45]
2.4 | Analysis
Density (q), diffusion coefficient (D), and static dielectric constant (e) have been estimated using standard tools provided with GROMACS. In particu-
lar, the total dipole moment autocorrelation function was used to calculated e according to the following equation:
e511
4p
3VkBT
ð<M2>2<M>2Þ (1)
To calculate the heat of vaporization, DHvap, a gas-phase simulation of 2 ns (dt50.2 fs) has been added.
[46] Structural analysis and dimers life-
time were performed with the TRAVIS package.[47,48]
The relative orientation of first neighbor pyrrole molecules with respect to a reference one was also investigated by means of cluster analysis.
In particular, we have used the K-medoids algorithm,[49] a derivative of the popular K-Means (KM) algorithm, which partitions the data points into N
predefined clusters in an iterative manner. Initially each point is assigned to the cluster with nearest centroid based on distance. In each iteration,
the cluster centroids are recomputed by averaging the distance between all points in a cluster and the process continues until the cluster assignment
TABLE 1 The CM5 charges (e) for pyrrole calculated at B3LYP/6–311G(d) level of theory taking into account the solvent (tetrahydrofurane)
effect by means of C-PCM and used in the simulation (adjusted)
Q (e)
Atom CM5 Adjusted D(CM5-Adj)
N1 20.408403 20.382947 20.025456
C1 20.028826 20.038620 0.009794
C2 20.028826 20.038620 0.009794
C3 20.155496 20.161177 0.005681
C4 20.155496 20.161177 0.005681
H1 0.350463 0.371429 20.020966
H3 0.117192 0.119157 20.001965
H2 0.117192 0.119157 20.001965
H5 0.096100 0.086399 0.009701
H4 0.096100 0.086399 0.009701
l(z) (D) 2.4930
Q(xx) (DÅ) 26.5926
Q(yy) (DÅ) 1.5068
Q(zz) (DÅ) 5.0858
In the column D(CM5-Adj) is reported the difference between the calculated and used charges. The dipole moment (l) and quadrupole moment (Q)
components obtained from QM calculations and used in the fitting procedure are also reported.
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remains unchanged. In KM, a real data point closer to the centroid is assumed as cluster center (medoid) and the data points are instead assigned to
the nearest medoids. Clustering was performed using the pyclustering library (v1.49). The optimal number of clusters was determined using the Cal-
inski–Harabaz score.[50] Clustering was performed using an in-house code written in Python and using the Numpy and Scipy libraries.[51]
3 | RESULTS
3.1 | Bulk properties
The proposed model permits to obtain macroscopic properties in remarkable agreement with experiments. In particular, the computed static dielec-
tric constant (7.8) is in agreement with the experimental value (7.92), contrary to the value obtained with the OPLS/AA FF (4.0). Only a polarizable
FF[17] was able to deliver a correct value. The density obtained with our model shows a good agreement with experiments, whereas the heat of
vaporization is in line with OPLS/AA and again in agreement with experiment. Furthermore, we also report in Table 2 the values obtained using the
1.27CM51OPLS/AA model by Dodda et al.[53] to show that a simple scaling of the partial charges is not sufficient to reproduce the pyrrole bulk
properties. Using the Einstein relation, we have also derived the D coefficient obtaining a value of 1.160.1 3 1025 cm2/s. Unfortunately no experi-
mental counterpart is available for the pure pyrrole solution.
3.2 | Structural analysis
The structure of liquid pyrrole has been studied by Gontrani et al.[15] with X-ray diffraction experiments, which allowed to obtain the static structure
factor (S(q)). A direct comparison with the experimental findings it is not possible, because a sharpening factor has been applied to the experimental
curve. However, we computed the static structure factor from MD simulation observing a good agreement in the position of S(q) relative maxima
and minima (Figure 2 and Table 3). In particular, the estimated S(q) presents a principal peak at 1.5 Å21 approximately, followed by four less intense
peaks (Figure 2A, black continuous line) in agreement with experimental results. In addition, the peak around 9.5 Å21 presents a shoulder at 12 Å21
as in the Exp. S(q). In Figure 2A, the static structure factor calculated considering intramolecular and intermolecular contributions separately, is
shown. As could be expected, the peaks at q values larger than 5 Å21 are due to the intramolecular interactions, while S(q) calculated in q range
from 0 to 5 Å21 refer to intermolecular ones. To ascribe the intermolecular contribution to specific interactions, we calculated the S(q) considering
only (i) the interactions between nitrogen and ring atoms (N  Ring), (ii) between C3 and C4 atoms (C3C4 Atoms). Considering in a first
TABLE 2 Bulk properties
Model e q(kg/m3) DHvap (kcal/mol)
Exp.[40,52] 7.92 967.0 10.78
Ref. (OPLS/AA)[16] 4.060.1 985.660.1 10.5560.01
Ref. (1.27CM51OPLS/AA)[53] - 996.0 12.37
Ref. [17] 8.14 - 10.8360.01
This work 7.860.2 969.060.2 10.560.2
FIGURE 2 A, Theoretical pyrrole static structure factor S(q) derived from MD (black continuous line) and from CPMD (orange continuous
line) simulations. In green continuous line the intermolecular contribution and in red dashed line the intramolecular one, both obtained from
MD simulation. In the insert low q values only for MD simulation data. B, In green continuous line the intermolecular contribution and its
components obtained from MD simulation: in blue line the interactions between nitrogen and ring atoms, and in pink line between C3 and
C4 atoms
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approximation that it is possible to calculate interatomic distances applying the relation r52p/q, we can attribute the N  Ring and the C3C4 Atoms
peaks, at around 2 Å21 and 1.5 Å21, respectively, to the T-shaped configurations. Instead the N  Ring peak at around 1.45 Å21 does not involve
rings in the first shell since the intermolecular distances between the nitrogen atom and the pyrrole ring are about 4.35 Å. The S(q) has been calcu-
lated using also the CPMD (Figure 2) simulation although the region at q values less than 0.5 Å21 are affected by error due to the box dimensions.
Result is in line with the classical simulation and comparable with experiment. Using S(q) we can only obtain mutual distance information, rather
than angular distribution; for this reason we compared the results of the classical sampling with those issuing from the CPMD simulation. Figure 3
shows a comparison of combined distribution functions between the ring center (RC)  H1 RDF, a, and the angle distribution a (for definition see
ball and stick diagram of Figure 3) found in our simulation with results coming from the CPMD simulations. This confirms that our model describes
with good accuracy the intermolecular interactions.
To obtain further details on the liquid structure, we calculated the radial distribution function (RDF) between selected sites. The RDF between
the pyrrole center of masses (COM) is shown in Figure 4A; the curve features a local maximum at 4.3 Å and a global one at 5.45 Å. The results are
in agreement with CPMD simulation. The integral values computed within the corresponding minimum are 1.9 and 13.2 respectively, showing that
each molecule has a first solvation shell made up by about two molecules and a second solvation shell by about 11. Furthermore the first maximum
position, 4.3 Å, is in good agreement with the experimental value issuing from a microwave spectroscopy study.[14] Additional information about the
presence of T-shaped configurations can be gained from the intermolecular RDF between H1 (for atom labeling see Figure 1) and N, C2, C3 atoms
(Figure 4B). The RDFs show a peak at the same position, around 2.45 Å, allowing to identify T-shaped aggregations in our simulation, as well as for
the CPMD simulation. The integral value for the three curves up to the first minimum is 1. The H1  N RDF presents the same shape found in a pre-
vious work[53] and the peak at 4.3 Å has also been identified using S(q). The presence of the T-shaped configurations has be confirmed by inspection
of the combined distribution function (Figure 5) of the angle g, formed by pairs of vectors perpendicular to the aromatic ring (Figure 5 diagrams,
green arrows), and the angle b, formed by pairs of vectors along the NAH1 bond (magenta arrows). The analysis has been performed imposing a
condition on COM  COM distance: in one case it ranges from 0 Å to 4.6 Å (Figure 5A), in another from 4.6 Å to 7.25 Å (Figure 5B). It is evident
that the majority of interacting molecules present a T-shaped configuration; at longer distances parallel conformations are also sampled.
TABLE 3 S(q) maxima position
Peak (Å21)
Model 1 2 3 4 5 6
Exp.a[15] 1.4 3.6 5.9 9.5 11.2 15.5
MD 1.5 3.7 6.1 9.7 11.6 14.8
CPMDb 1.4 3.6 5.9 9.4 - -
aThe experimental data have been digitalized, therefore, they could be affected by errors.
bWe have reported only the values compatible with box dimension.
FIGURE 3 Combined distribution function between the a distance and a angle. Results obtained from CPMD (A) and MD (B) simulations
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3.3 | Clusters analysis
The solvation structure of liquid pyrrole was further investigated by a cluster analysis on pair of pyrrole molecules extracted from the MD trajectory.
Using K-medoids,[49] we employed the distances between nitrogen (N  N), C3 (C3  C3), and C4 (C4  C4) atoms with a 4.65 Å cut-off (in other
words, the relative orientation of rigid molecular planes was approximated by a triangle). K-medoids was run imposing a number of clusters (k)
between 2 and 7; validation indicated an optimal clustering at kbest53. The three clusters (see Figure 6) correspond to a T-shaped and two “anti” T-
shaped structures; most frames (see Table 4) presented a T-shaped structure with the nitrogen atom of one pyrrole molecule pointing toward the
molecular plane of the other, while a in comparable amount of structures either the C3 or C4 carbon atoms were pointing toward the molecular
plane; Figure 6 (lower panels) shows the corresponding centroids. It is noteworthy that it is not possible to distinguish clusters by observation of
angular distributions and COM  COM distances (see Figures 4B and 5A).
3.4 | Multipolar interactions
To obtain a more detailed interpretation of the intermolecular interactions which occur in liquid pyrrole and to justify the most relevant molecular
orientations between neighbor molecules, the contribution due to the dipole–dipole, dipole–quadrupole, and quadrupole–quadrupole interactions
FIGURE 4 A, Radial distribution function between centers of mass (COM). In black continuous line the result obtained from MD
simulations, in red continuous line from CPMD. B, Intermolecular radial distribution function obtained from MD simulation between H1
atom and N (blue solid line), C2 (red dashed line) and C3 (green dashed line) atoms. C, Intermolecular radial distribution function between
H1 atom and N (blue solid line), C2 (red dashed line), and C3 (green dashed line) atoms obtained from CPMD
FIGURE 5 Combined distribution function obtained from MD simulation between the angles distribution formed among the vectors
perpendicular to pyrrole planes (in green in insert, g) and the vectors lying on NAH1 bond (in magenta in insert, b) calculated imposing a
condition on COM  COM distance, A, from 0 Å to 4.6 Å; B, from 4.6 Å to 7.25 Å
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have been examined separately. In fact, it has been hypothesized[24] that the most important contribution in the multipolar expansion in the pyr-
role–pyrrole interaction is the quadrupole–quadrupole term, which determines a T-shaped arrangement.
Interaction between two molecules, labeled A and B, has been computed by the multipolar expansion described by Califano et al.[54] In particu-
lar, truncating the expansion at the quadrupolar–quadrupolar interaction, the intermolecular potential VAB is:
VAB52MA1  TAB2 MB11
1
3
MA2  TAB3 MB12MA1  TAB3 MB2
 
1
1
9
MA2  TAB4 MB2 (2)
where M1 andM2 are the molecular dipole and the traceless quadrupole moments defined as:
M15la5
X
i
qir
i
a (3)
and:
M25uab5
1
2
X
i
qið3riarib2r2dabÞ (4)
where a and b are the x, y, and z Cartesian components, whereas the tensor TABS is represented by:
TABS 5rSR21AB (5)
FIGURE 6 K-medoids results from MD simulation. A, Distribution of data points in the selected feature space. B, Separation of data points
in clusters; green, gray, and blue (semitransparent) dots indicate clusters; the bigger magenta stars indicate the position of centroids. C-E,
Centroid structures of the three obtained clusters; C, Cluster 1, D, Cluster 2, E, Cluster 3
TABLE 4 Centroid intermolecular distances (Å) and cluster relative size (% of frames)
Cluster/feature Cluster 1 Cluster 2 Cluster 3
N   N 3.83 6.50 6.49
C3   C3 5.58 4.20 5.68
C4  C4 5.63 5.33 4.19
Relative size 45.63 26.64 27.73
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where S is the rank of the tensor and RAB is the distance between the center of mass of the molecules A and B.
To analyze in detail the interaction in liquid pyrrole, we have adopted the same intermolecular distance cut-off used to obtain the combined dis-
tribution functions reported in Figure 5.
In particular, Figure 7 shows separately the average values of the potential energy due to the dipole–dipole, dipole–quadrupole, and quadru-
pole–quadrupole interactions due to neighbor molecule, using a COM  COM distance cut-off of 4.6 Å. It is apparent that the predominant term
arises from the quadrupole–quadrupole interaction, confirming the experimental hypothesis[24] and providing additional information on the molecu-
lar arrangement described in the structural analysis.
4 | CONCLUSIONS
Accurate values of the structural and macroscopic properties of liquid pyrrole have been obtained by performing classical molecular dynamics simu-
lations with a new parameterization of the electrostatic part of the force field. Simple atomic charges have been obtained by performing DFT
FIGURE 7 Potential energy average values from MD simulation due to the dipole–dipole (A), dipole–quadrupole (B), and quadrupole–
quadrupole (C) interactions due to neighbor molecules calculated using a cut-off of 4.6 Å for the COM  COM distance
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calculations on the pyrrole molecule taking into account the polarization effects due to solvent employing the C-PCM[23] method. The CM5[22]
method has been adopted to estimate the atomic charges, which have been adjusted to reproduce multipolar moment components through a fitting
procedure. Structural properties from classical molecular dynamics simulation shows a very good agreement with available experimental data[15] and
with Car–Parrinello molecular dynamics simulation. The occurrence of the most representative molecular arrangement in the liquid has been justified
by analyzing the intermolecular electrostatic interactions in terms of a multipolar expansion. The computed macroscopic properties, that is, dielectric
constant, density and heat of vaporization, are in excellent agreement with experiments. It is worth to highlight that the charge adjustment proce-
dure turned out to be of critical importance to reproduce the structural and the bulk properties in agreement with experimental finding. We have
shown in past contributions that the use of CM5 method with a proper adjustment of the atomic charges allows to obtain the same accuracy at the
molecular and bulk level using standard functional forms for force fields in the case of simple amides[29] and pyridine[30,31] even in different environ-
mental conditions. The approach to determine the atomic charges is general, but the adjustment procedure can be slight modified to improve the
directional character of the interactions, opportunely introducing lone pairs (virtual sites)[29,31] or reproducing high order multipoles,[30] as in the
present study. It is also important to observe that simpler adjustment procedures, for example, based on the application of a scaling factor[53] may
indeed improve overall results when carrying out parameterization of a large number of compounds but fail when a higher degree of accuracy is
sought.
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